By using chemical vapor infiltration (CVI) method, 2.5D C/SiC composites were obtained with an average flexural strength of 213.8 MPa, matching the requirements of thermal protection application. Tests of coefficient of thermal expansion (CTE) indicated that The CTE of the 2.5D C/SiC composites remained at a relatively low level (below 2:5 Â 10 À6 K À1 ) in the whole temperature range, which may be attractive for applications that required good dimensional stability. The relationship between the CTE and the temperature was also discussed.
Introduction
Continuous carbon fiber reinforced silicon carbide ceramic composites (C/SiC CMCs) have many attractive advantages over traditional ceramic, including low density, high thermal conductivity and enhanced fracture toughness. [1] [2] [3] [4] [5] [6] In particular, the mechanical properties of C/SiC CMCs are stable at high temperatures and under severe service environments. 7, 8) Therefore, C/SiC composites are considered as promising candidates for thermal structural and thermal protection materials for many high temperature applications, such as rocket nozzles, aeronautic jet engines, heat shields and aircraft braking materials. [9] [10] [11] The mechanical strength and the coefficient of thermal expansion (CTE) are both important for the application of C/SiC composites in all these fields. Chemical vapor infiltration (CVI) has proved the most promising method for fabricating the C/SiC composites due to its abilities to manipulate the microstructure of the matrix, to modify the interface between fibers and matrix, and to fabricate components with complex shape at a relatively low temperature. [12] [13] [14] The present work involves the fabrication of 2.5D C f /SiC composites by chemical vapor infiltration process. The flexural property of the composites was characterized and the fracture behavior was discussed based on the microstructure characterization. The thermal expansion behavior of the composites was investigated and an explanation to the CTE-temperature curve was provided.
Experimental
2.5D C/SiC composites were prepared using chemical vapor infiltration (CVI) method. Firstly, T300 carbon fiber (Nippon Toray, Japan) was employed to prepare the 2.5D fiber preforms which were used as reinforcement for composites fabrication. Figure 1 presents spatial configuration of 2.5D fiber preforms. The fiber volume fraction in the preforms was controlled at about 40%. Secondly, to modify the C f /SiC interface, pyrolytic carbon (PyC) was deposited on the surface of the preforms using chemical vapor infiltration (CVI) method. Thirdly, the fiber preforms with PyC interphase were infiltrated with SiC matrix through CVI process at about 1373 K, 50 kPa, using methyltrichlorosilane (MTS) as precursor and hydrogen gas as the carrier gas. The argon was employed as buffer gas in the process. Finally, the as-fabricated composites were machined to desired shapes for following tests.
The phase composition of the composites was studied using X-ray diffractometer (XRD, Rigaku D/max-2500V, Japan), and the result is shown in Fig. 2 . The diffraction patterns showed that the phase compositions of the composites were mainly cubic SiC.
The flexural strength of the composites was measured using three-point bending test with a span of 30 mm based on the Fine ceramic-Test method for flexural strength of monolithic ceramics at room temperature (GB/T6569-2006). The loading rate was 0.5 mm/min, and seven samples with a dimension of 3 mm Â 4 mm Â 40 mm were used for the test. The morphology of the fracture of the composites was observed by scanning electron microscope (SEM, JEOL JSM-6440LV, Japan).
The longitudinal coefficient of thermal expansion (CTE) of the composites from room temperature to 1473 K was measured by push-rod method using Netzsch DIL402Cdilatom-eter. The measurement was conducted in dry air and the size of the sample was 3 mm Â 4 mm Â 25 mm. Table 1 shows the result of the bending test. The average flexural strength of the 2.5D C/SiC composites is 213:8 AE 9:3 MPa. Although it might not be qualified to be applied as structural materials, it has already met the basic requirement of thermal protection materials.
Results and Discussions
The fracture morphologies of the composites are shown in Fig. 3 . It can be seen from Fig. 3(a) that carbon fibers in weft yarns were pullout from the SiC matrix in the form of fiber clusters. Figure 3(b) is the magnification of a fractured carbon fiber cluster perpendicular to the fracture surface and some holes in the matrix caused by the pullout of fibers. The pullout of fibers can avoid catastrophic failure behavior of the composites and increase its strength by absorbing energy through crack deflection, fiber fracture, and fiber pullout mechanism. The magnification of pullout fibers in Fig. 3(b) also demonstrates good integrity, indicating that the fibers were well protected by PyC interphase during the preparation of the composites. Figure 4 shows the relations of longitudinal CTE to temperature for the composites.
The CTE increased with the temperature when the temperature was above 373 K and reached a peak value at about 773 K; above 973 K, it continually increased with the increasing temperature until 1373 K when it reached another peak value. The CTE of the composites remained at a relatively low level (below 2:5 Â 10 À6 K À1 ) in the whole temperature range, which may be attractive for some applications that required good dimensional stability.
The way in which the CTE of the composites varied with temperature was attributed to the mismatch of CTE between the carbon fiber and SiC matrix as well as the changes of thermal stress in the composites before the CTE experiment. The CTE of carbon fiber in the axial direction is much smaller than that of the SiC matrix (À0:7 Â 10 À6 K À1 and 4:4 Â 10 À6 K À1 , respectively), as the result, when the composites were cooled down from preparation temperature to room temperature, the carbon fibers were subjected to compressive stress in their axial direction, while the matrix was subjected to tensile stress. The residual thermal stress in the composites could produce micro-cracks that are perpendicular to the axial direction of the fiber. At low temperature, these cracks can partially counterbalance the thermal expansion of the matrix by providing free space for the thermal expansion through sealing process, which contribute to a relatively low CTE. From 473 K to 773 K, as the temperature increased, the residual thermal stress in the composites was released and the micro-cracks were sealed gradually. As a result, the CTE of the composites increased with increasing temperature until it reached 773 K. At about 773 K, the sealing of the micro-cracks was complete. When the temperature increased above 773 K, the matrix was subjected to compressive stress, which inhibited the expansion of the matrix. As the temperature increases, the compressive stress in the matrix increases, and the CTE of the composites continually decreases until it reach its nadir at about 973 K.
Above 973 K, as the increasing tensile stress in the carbon fibers, some of the fibers may eventually fracture, thus release their restriction to the thermal expansion of the matrix. Therefore, the CTE increased with increasing temperature.
Conclusion
Flexural strength and thermal expansion behavior of 2.5D C/SiC composites prepared by chemical vapor infiltration (CVI) method were investigated. The results showed that the 2.5D C/SiC composite had an average flexural strength of 213.8 MPa and had fibers pullout in the fracture surface. And the CTE of the composites from room temperature to 1473 K remained at a relatively low level and the regularity of the CTE-temperature curve was controlled by the mismatch of CTE between the fiber and matrix as well as the residual thermal stress in the composites. 1.0x10 -6 1.5x10 -6 2.0x10 -6 2.5x10 -6 3.0x10 -6 CTE/K Fig. 4 Relations of longitudinal CTE of the composites to temperature from room temperature to 1473 K in dry air.
